The natural variability in the enantiomeric distribution of biologically active chiral terpenoids in Solidago canadensis L. essential oil from Kumaon was evaluated by enantioselective capillary GC, capillary GC, and GC-MS. Germacrene D, a sesquiterpene hydrocarbon, was noticed as the major compound, contributing 56.7%, 75.5% and 69.7% to the samples, while other constituents with variable compositions were limonene (0.2 to 12.5%), bornyl acetate (2.1 to 2.9%), δ-elemene (2.4 to 3.2), β-elemene (1.3 to 1.8%), and elemol (1.4 to 2.6%). The enantiomeric excess has been determined for germacrene D with (+)-enantiomer (>41.8% to >47%) dominating over the (-)-enantiomer in all the samples. Furthermore, there has been above 95% enantiomeric excess for (R)-(+)-limonene (>95.1% to >99%), whereas moderate to low excess for (1R)-(+)-α-pinene (>47.9%), and (1S)-(-)-β-pinene (>30.3%) was established. Notably, only (-)-bornyl acetate was found as a single enantiomer with >99% enantiomeric excess. However, for all the identified chiral terpenoids, the enantiomeric distribution varied within only a narrow range in all the samples.
Several research papers have been published on the essential oil compositions of Solidago species from many countries other than India. The oil compositions of S. canadensis, S. gigantea, S. graminifolia and S. virgaurea have been reported from Poland [3a-3e] . That of micropropagated S. canadensis contained α-pinene (59.5%), germacrene D (15.2%) and limonene (9.7%) [3d] . Enantiomeric ___________________________________________________________________ *CIMAP Communication No.: 2007-52J variations in (-)-germacrene D (21.6 to 23.5%) have been reported in S. gigantea [3e] . Overall, the essential oil obtained from Solidago species is not only a rich source of enantiomeric germacrene D, but it also possesses significant antibacterial activity [3f] and acts as a good neuron receptor in the moth, Helicoverpa armigera [3g] .
The odor and specific character of terpenoids are often related to their stereochemistry. Capillary gas chromatography using modified cyclodextrins as stationary phase has proved a reliable technique in the determination of the enantiomeric composition of terpenoids [4a,4b] . Most sesquiterpenes are chiral molecules, but usually only one of the two possible enantiomers is produced in a single species. S. canadensis is an exception to this rule, because it contains the sesquiterpene enantiomers, (+)-germacrene D (29a) and (-)-germacrene D (29b) in approximately equal amounts. The responsible two sesquiterpene synthases, viz., (+)-germacrene D Enantioselective capillary gas chromatography of all three oils showed variation in terms of enantiomeric ratios and enantiomeric excess among the different enantiomeric pairs. The enantiomeric distributions have been reported in terms of their enantiomeric excess (ee) with respect to the predominant isomers ( Table 2 ). Among monoterpenes, only limonene showed high optical purity, the (+)-enantiomer prevailing (more than 97%, i.e., 95% ee) in sample I and 99% ee in sample III, while sample II did not contain any one of them, even in traces. α-Pinene showed optical purity (74%) for the (1R)-(+)enantiomer, which is equivalent to 47.9% in terms of ee, and (1S)-(-)-β-pinene was found to be with a lowest optical purity (30.3%) in sample I and was not observed in the other samples. In contrast to these pairs, (-)-bornyl acetate was an exception, as it was noticed as a single enantiomer with ee >99% in all three samples, but the presence of a small proportion of (+)-bornyl acetate could not be excluded. The (+)-and (-)-germacrene D enantiomers appear with 70.9 and 29.1% optical purity, which corresponds to 41.8% enantiomeric excess for the (+)-enantiomer in sample I. On the other hand, in the other two samples, ee corresponding to >47% and >45% have been recorded for the (+)-enantiomer. However, both enantiomers have been reported previously in equal amounts from S. canadensis.
Interestingly, these reports do not agree with our results. Therefore, the enantiomeric ratios for our oil samples are new. However, compositional variations have been observed in all S. canadensis oil samples. GC and GC-MS results showed high percentages of germacrene D (56.7 to 75.5%), along with limonene (0.2 to 12.5%) in all the oil samples. An earlier report revealed a high α-pinene (59.5%) content, besides germacrene D (19.8%) and limonene (9.7%) [3d], while another reported curlone (23.5%), germacrene D (19.8%), α-pinene (14.7%), β-sesquiphellandrene (10.4%), limonene (9.3%), and myrcene (4.2%) [3a] . Notably, these have previously been erroneously identified as γ-cadinene and δ-cadinene [5] . However, the absence of curlone and β-sesquiphellandrene makes the essential oil composition entirely different.
In conclusion, enantioselective capillary GC is an efficient method for stereochemical assignments of the chiral terpenoids present in essential oils. S. canadensis growing wild in the Kumaon region contained (+/-)-germacrene D in variable enantiomeric ratios, with an overall predominance of the (+)-form. Therefore, the enantiomeric ratio for the major enantiomer appears to be independent of the geographical origin of the plant and thus, any variation in the characteristic value may be regarded as adulteration. These results also support the usefulness of the enantiomeric ratios and enantiomeric excess of bioactive chiral terpenes in authenticity studies of the essential oil.
Experimental
General: A PerkinElmer Autosystem XL gas chromatograph was used, fitted with an EQUITY-5 column (60 m x 0.32 mm, film thickness 0.25 µm, SUPELCO). The column temperature ranged from 70-250ºC, programmed at 3ºC/min, with a final hold time of 2 min., using H 2 as carrier gas at 10 psi constant pressure, a split ratio of 1: 30, an injection size of 0.03 µL neat, and injector and detector (FID) temperatures of 250ºC and 280ºC, respectively. The enantioselective capillary GC analysis was conducted on a Varian CP-3800 GC fitted with a β-DEX 110 fused silica capillary column (30 m x 0.25 mm x 0.25 µm film thickness, SUPLECO). The column temperature of 60ºC -180ºC was programmed at 3 0 C/min with an initial hold time of 2 min., then 180ºC-220ºC at a rate of 3.5ºC /min, with a final hold time of 7 min. using H 2 as carrier gas at 10 psi constant pressure, split ratio 1:100, an injection size 0.06 µL neat, and injector and detector (FID) temperatures of 220ºC and 250ºC, respectively. GC/MS utilized a PerkinElmer Autosystem XL GC interfaced with a Turbomass Quadrupole Mass spectrometer fitted with an EQUITY-5 (SUPELCO) fused silica capillary column (60 m x 0.32 mm; 0.25 µm film coating). The oven temperature program was the same as that used in GC, while the injector, transfer line and sources temperatures were 250ºC. The injection size was 0.03 µL neat, and a split ratio of 1:30 was used with He as carrier gas at 10 psi constant pressure. MS were taken at 70 eV with a mass range of m/z 40-450. Characterization was achieved on the basis of retention time, Kovats Index, relative retention index using a homologous series of n-alkanes (C 8 -C 25 hydrocarbons, Polyscience Corp.
Niles IL), coinjection with enantiomeric standards (Sigma Aldrich), mass spectra library search (NIST and Wiley), and by comparing with the mass spectral literature data [6a] . The relative amounts of individual components were calculated based on GC peak areas without using correction factors.
Plant material:
The aerial parts of three Solidago canadensis plants were collected in June 2007 at the young stage of development from three different locations in Bhimtal (1500 m), Kumaon, India. The plant identifications (voucher specimens CSC 62301 to 62303) were confirmed by Prof. YPS Pangtey, and deposited in the Botany Department, Kumaun University, Nainital, India.
Extraction and isolation of oils:
The aerial parts of fresh plants of all the three samples were subjected to hydrodistillation in a Clevenger type apparatus (0.2 kg each) for 3 h [6b]. The distillate was saturated with NaCl and the oil was extracted with n-hexane and dichloromethane. The solvent phase was then dried over anhydrous Na 2 SO 4 and then the solvent distilled off in a thin film rotary vacuum evaporator at 35ºC. The oil samples were stored at -20ºC until analyzed. The oil yields of sample I to III were 0.35%, 0.32% and 0.30%, respectively.
